ABSTRACT In Illinois and Indiana, the western corn rootworm, Diabrotica virgifera virgifera LeConte, circumvents crop rotation as a control measure by ovipositing in soybean (Glycine max L. Merr.) Þelds and in other crops in rotation with corn (Zea mays L.). A means of distinguishing between rotation-resistant and wild-type behavioral phenotypes is the Þrst step in determining the genetic basis of rotation resistance. The time between release into and departure from a bioassay arena was used as a measure of beetle activity to distinguish between behavioral phenotypes. Results from these assays indicate that D. v. virgifera females from regions where crop rotation is no longer effective are more active than females from regions where rotation remains effective. The geographic source of the beetle population was a main signiÞcant effect in trials done in both 2004 and 2005. Behavioral differences were more easily observed in a cornÞeld rather than in the laboratory. Results were consistent with the hypothesis that a loss of Þdelity to corn rather than any particular attractant is the cause of rotation resistance. Behavioral differences between populations of beetles in similar environments suggest that there is a genetic difference between rotation-resistant and wild-type D. v. virgifera, although no speciÞc gene or genes have yet been identiÞed.
The western corn rootworm, Diabrotica virgifera virgifera LeConte, circumvents crop rotation as a control measure in large portions of Illinois and Indiana, where rotation-resistant females oviposit in Þelds in rotation with corn (Zea mays L.). Typically, this insect is a pest of continuous cornÞelds, which are deÞned as Þelds that have been planted for at least 2 consecutive yr with corn. This insect has traditionally been controlled by crop rotation because larvae can only survive on the roots of corn and a few other grasses (Branson and Ortman 1967) . This cultural control method lost its efÞcacy as reported by Levine and Oloumi-Sadeghi (1996) because females leave natal cornÞelds to oviposit in other Þelds, namely soybean (Glycine max L. Merr.), in rotation with corn. This leads to larval damage in Þrst-year corn. Populations of female D. v. virgifera in this study will be categorized by behavior as either rotation-resistant (RR, those likely to oviposit in noncorn crops) or wild-type (WT, those likely to oviposit only in cornÞelds). Characterization of the wild-type and rotation-resistant behavioral phenotypes is important to determine the genetic basis of this situation and to identify areas most susceptible to damage by rotation-resistant D. v. virgifera.
Diabrotica v. virgifera beetles do not seem to be attracted to anything speciÞc outside of the cornÞeld. Sammons et al. (1997) tested possible Þeld or crop attractants in an olfactometer and concluded that rotation-resistant beetles were attracted to soybean tissue, but Spencer et al. (1999) found that there was no particular attraction to soybean in wind tunnel experiments. Rotation-resistant beetles are not adapted to use soybean as an adult food source; longevity of adults was only slightly longer for adults provided with soybean vegetation versus no food at all in laboratory studies (Mabry and Spencer 2003) . It is hypothesized that a loss of Þdelity to corn as a host is the likely cause for rotation resistance , Levine et al. 2002 . Indeed, indiscriminate oviposition seems to be the case with rotation-resistant beetles; female D. v. virgifera will lay eggs in corn, soybeans, alfalfa, or oat stubble (Rondon and Gray 2004) . Oviposition occurs most often in soybean because it is the most common crop besides corn in areas experiencing problems with rotation resistance (Onstad et al. 2003a) . High levels of cornÐsoybean rotation, such as that found in eastcentral Illinois, are conducive to evolution of rotation resistance, and landscape diversity plays a signiÞcant role in delaying the spread of rotation-resistant western corn rootworms (Onstad et al. 2001 (Onstad et al. , 2003a . Onstad et al. (2003b) found that it would be very difÞcult to halt the evolution of rotation resistance once an allele for the speciÞc behavioral adaptation reaches 1% in a population. OÕNeal et al. (2002 OÕNeal et al. ( , 2004 concluded that advancing corn phenology was driving rotation-resistant D. v. virgifera out of cornÞelds; older corn is less suitable as a food host than younger corn. Female capture in soybean Þelds increases through the season (OÕNeal et al. 1999), suggesting D. v . virgifera sensitivity to corn phenology is the cause of rotation resistance, but there are many females in soybean within a week of Þrst emergence when corn tissues are still an attractive food source Gray 2003, Spencer et al. 1998) . Pierce (2003) also found that, although female densities increased in soybean after corn reached the R2 stage (Ritchie et al. 1986) , there were large numbers of females in soybean before the corn reached a postreproductive stage. In addition, Pierce (2003) found that oviposition in soybean was occurring before corn reached the R2 stage of development.
There is a need to deÞne the behavioral change responsible for oviposition outside of natal cornÞelds so that, if there is a genetic component, it may be more easily studied. Phenotypes are the sum of the environmental and genetic components of an observed trait. If environmental effects are minimized, a genetic component may be inferred if a difference in behavior remains between female rotation-resistant and wildtype D. v. virgifera.
In a preliminary study during 2003, the senior author examined the use of a pyrethroid insecticide to distinguish between the two behavioral phenotypes because Levine and Oloumi-Sadeghi (1996) had suggested that pyrethroid repellency could have been the initial catalyst leading to the adaptation to crop rotation. Time spent walking by beetles in an arena with and without sublethal amounts of insecticide present was measured and compared between rotation-resistant and wild-type populations of D. v. virgifera. Locomotory activity levels were signiÞcantly different without a stimulus; beetles from Urbana, IL, cornÞelds were more active than those from Monmouth, IL, cornÞelds where rotation resistance was not observed (L.M.K., unpublished data). Population source was the only signiÞcant effect at ␣ ϭ 0.05. The suggestion that inherent behavioral differences exist between the populations led to our examination of female D. v. virgifera activity.
Assays were done both in the laboratory and the Þeld because laboratory results would help with breeding studies, but Þeld results would help with population studies. Unmated and mated individuals were compared for differences in behavior because unmated beetles are necessary in breeding studies. The behavior of mated beetles would more likely reßect nature, but it needs to be determined whether unmated and mated individuals behave similarly. The effect of feeding was also studied because Mabry et al. (2004) and Mabry and Spencer (2003) showed that D. v. virgifera behavior was signiÞcantly affected by diet. Ecological factors such as feeding may inßuence the behavior driving rotation resistance.
The objectives of the 2004 study were to (1) determine if there is a behavioral difference between rotation-resistant and wild-type D. v. virgifera and (2) Þnd the conditions under which that behavioral difference can best be observed. The 2005 study tested the applicability of the assay in the Þeld with beetles of unknown age and mating status. Levine et al. (2002) stated that we still do not know the proportion of rotation-resistant versus wild-type phenotypes in any given Þeld. This study is the beginning of a method of differentiation. Discovery of a measurable behavior difference is the Þrst step to understanding the problem of rotation resistance and to determining the genetic basis of rotation resistance.
Materials and Methods
Experiments 2004. Adult female D. v. virgifera were used for all behavioral assays. Rotation-resistant beetles were collected in late June 2004 as third-instar larvae in corn roots from a Þrst-year cornÞeld in Urbana, IL, and reared to adults in the laboratory (insect care and collection modiÞed from Mabry et al. 2004 ). Wild-type beetles were collected as larvae in the same manner from a continuous cornÞeld at the Northwestern Illinois Agricultural Research and Demonstration Center in Monmouth, IL. Urbana was chosen because this location has experienced consistent damage to rotated corn over the past 10 yr and is very close to the presumed origin of rotation resistance in Ford County, IL Oloumi-Sadeghi 1996, Onstad et al. 1999) . As of 2004, Monmouth, IL, did not have a problem with rotation-resistant D. v. virgifera and represented a wild-type population. It was thought that the Urbana and Monmouth populations should represent high proportions of rotationresistant and wild-type D. v. virgifera, respectively, so that any behavioral differentiation between phenotypes would be more evident.
Adults had ad libitum access to water, fresh corn silks, and immature kernels throughout experimentation unless otherwise noted. Adults were kept in 30 by 30 by 30-cm standard wire screen rearing cages at 23ЊC and on a 14 L:10 D photoperiod. Females designated as "unmated" were kept in cages with only other females; females designated as "mated" were kept in cages with a mix of males and females from emergence until experimentation. Females used in assays emerged 8 Ð19 d before trials.
The purpose of these assays was to compare behavioral activity between wild-type and rotation-resistant phenotypes. An arena was used in which time to escape was recorded. The arena consisted of a cylinder of plastic mesh screen with a screen cone at the top with an exit hole cut at the tip (Fig. 1A ). The plastic bottom had a hole (1.8 cm diameter) to introduce beetles into the arena. The diameter of the arena was 11 cm, the height of the cylinder was 16 cm, and the height of the cone portion was 7 cm. Insects were introduced into the arena by opening a 5-ml glass vial containing a beetle underneath the entry hole. Time to escape the arena was measured from the time the beetle entered the arena at the bottom to the time that at least one half of the beetle was out of the exit at the top. This approach took advantage of the fact that western corn rootworms have a tendency to walk upward. The assay was done in the laboratory at room temperature and at various times of the day. Time of day was recorded to determine if there was a correlation between this and beetle activity levels (PROC CORR; SAS Institute 2004).
For each population, activity was compared between fed beetles (designated as "fed") and beetles that were deprived of food for 2 d (designated as "starved"). A period of 2 d was used because it is long enough to affect activity without causing signiÞcant mortality (Mabry et al. 2004) . Activity was also compared between mated and unmated females. A total of 91 beetles from Urbana and 98 beetles from Monmouth were tested.
Field assays were done in the same manner as those in the laboratory, but with the arena resting on a corn leaf and against the stalk between the tassel and ear, at a height of Ϸ1.6 m. Field-tested beetles were cohorts of those used in laboratory assays. Variables of feeding and mating status were examined as above. Field assays were conducted between 900 and 1100 hours to coincide with the morning peak of beetle activity (Isard et al. 2000) . In these assays, 73 beetles from Urbana and 72 beetles from Monmouth were tested.
Experiments 2005. The goal of the 2005 study was to test the ability of the assay to better distinguish between behavioral phenotypes based on the tendency of D. v. virgifera to walk upward. Rotationresistant females were collected as adults from both a corn and a soybean Þeld in Urbana, and wild-type adult females were collected from continuous cornÞelds in Ames, IA, and Arlington, WI (two areas without rotation-resistant D. v. virgifera populations). Beetles were also sampled from continuous corn near the Orr Agricultural Research and Demonstration Center in Perry, IL. Monmouth, IL, was not chosen as a location in 2005 because another study indicated the area was in transition toward rotation resistance (Schroeder 2005) . Beetle populations were designated as either rotation-resistant or wild-type by determining the number of D. v. virgifera per 100 sweepnet samples from a soybean Þeld on the day of the assay. Models of the spread of rotation resistance indicated that a threshold between 10 Ð20 D. v. virgifera per 100 sweeps in soybean best determines whether rotation-resistant beetles have established in a given area (Onstad et al. 1999 (Onstad et al. , 2003a .
A taller arena was used for these trials because it was expected that this arena would generate a wider distribution of escape times and make a behavioral threshold easier to determine. Beetles that immediately ßy to the top of the arena would still have quick exit times, but beetles that walk to the top would have a much slower exit time with the second arena. The new arena was 52 cm tall, the cylinder portion was 42 cm, and the cone portion at the top was 10 cm tall (Fig. 1B) . Diameter and construction were otherwise similar with the same materials used. The arena was hung with string on a corn plant. Assays were also repeated with Þeld-collected beetles in the laboratory on the afternoon of the respective Þeld trial. Time to exit arena was measured and number of ßights during each assay were recorded. All beetles were frozen at Ϫ80ЊC after experimentation to be saved as voucher specimens for future genetic tests. Assays were done on 7 July in Perry, 11 July in Urbana, 27 July in Ames, and 28 July in Arlington. Sample sizes were 50, 28, 24, 33, and 35 for Þeld trials in Perry, Urbana corn, Urbana soybean, Ames, and Arlington, respectively. Sample sizes in laboratory assays were 29, 27, 26, and 26 for Urbana corn, Urbana soybean, Ames, and Arlington, respectively. Assays in 2005 were conducted soon after adult emergence to minimize any age effects that may confound data. Assays were done between 720 and 922 growing degree-days (base 10ЊC) for all locations. Degree-day data are reported to give a general indication of beetle development and range of beetle age. Temperature was recorded at all locations to determine whether this had an effect on beetle activity (PROC REG; SAS Institute 2004).
Analysis. Time to exit arena for assays conducted in the Þeld and the laboratory were compared by population source with an analysis of variance (ANOVA) using SAS software (PROC GLM; SAS Institute 2004). Data points were removed from analysis if a beetle did not enter the arena or complete the assay in the allotted 60 s. Only a small proportion of each sample failed to enter and Þnish in Ͻ60 s (7% in 2004, 8% in 2005) . In 2004, because the distributions of data were non-normal, log-transformed data were used in the analyses of variance. A Fisher least signiÞcant difference (LSD) test was used to determine signiÞcantly different means. A 2 test of homogeneity was used to compare beetles that walked for the duration versus those that made at least one ßight. For 2005 data, distributions of walking times were compared using the Kolmogorov-Smirnov test for equality of distribution (PROC NPAR1WAY; SAS Institute 2004).
Results

Experiments 2004.
The ANOVA included 90 Urbana (RR) beetles and 98 Monmouth (WT) beetles from the laboratory study. (Note that one data point from Urbana was removed because that insect exited the arena in Ͻ1 s, yielding a negative value when log-transformed.) A majority (87%) of females Þn-ished the assay in 20 s or less (Fig. 2) . Population source (F ϭ 4.75; df ϭ 1,180; P ϭ 0.031) and the interaction between mating status and food (F ϭ 12.34; df ϭ 1,180; P ϭ 0.001) were signiÞcant sources of variation in time to exit arena as a measure of beetle activity (Table 1) . Only one scenario yielded a signiÞcant difference in behavior between the two populations; unmated and fed beetles from Urbana were signiÞcantly faster than those from Monmouth (Fig. 3) . Time of day (800 Ð1700 hours) did not have a signiÞcant effect on beetle activity in the laboratory (SAS PROC CORR: r ϭ Ϫ0.00278, P ϭ 0.970, SAS Institute 2004).
In the Þeld study, 90% of beetles completed the assay in 20 s or less (Fig. 4) . A major cause of variation was source of beetle population (F ϭ 7.13; df ϭ 1,139; P ϭ 0.009; Table 2 ). A lack of data for beetles that were mated and fed prevented the determination of the effect of certain interactions. Feeding did not have an effect in the Þeld, but mating did (Table 2) . Unmated, starved beetles from Monmouth were signiÞcantly slower to exit the arena than those from Urbana (Fig. 5) .
Experiments 2005. Numbers of D. v. virgifera per 100 sweep-net samples in soybean were 78 in Urbana, 77 in Perry (average of two samples of 123 and 32), 0 in Ames, and 10 in Arlington. Based on these samples and the criterion of Onstad et al. (1999 Onstad et al. ( , 2003a , the Urbana and Perry populations will be referred to as rotation-resistant populations, and the Ames and Arlington populations will be referred to as wild-type populations.
The Urbana and Perry (both RR) distributions were not signiÞcantly different from each other, and the Ames and Arlington (both WT) distributions were not signiÞcantly different from each other using the Kolmogorov-Smirnov test (P Ͼ 0.05). Because distributions by population type were not signiÞcantly different, data were pooled to better show behavioral differences (Fig. 6) . Beetles from both the Urbana corn and Perry sources were signiÞcantly more active than beetles from the Ames and Arlington sources (Fig. 7) . Tendency to take ßight was signiÞcantly associated with population source ( 2 ϭ 13.42, df ϭ 4, P Ͻ 0.01); rotation-resistant beetles were more likely to ßy than wild type (Fig. 8) .
In the laboratory trials, data were again pooled together by population type because distributions were not signiÞcantly different (P Ͼ 0.05) using the Kolmogorov-Smirnov test, but the types were not different from each other either. Mean times to exit the arena were not signiÞcantly different from one another (F ϭ 0.72; df ϭ 3,107; P Ͼ 0.05) and means Ϯ SE in seconds are as follows: Urbana corn, 30.96 Ϯ 1.77; Urbana soybean, 30.29 Ϯ 1.84; Ames, 33.91 Ϯ 1.87; Arlington, 30.89 Ϯ 1.87. Tendency to take ßight in the laboratory (Fig. 8) was not associated with population using a 2 test of homogeneity ( 2 ϭ 1.10, df ϭ 3, P Ͼ 0.05).
All data points in 2005 for time to exit arena were regressed against temperature. Temperature, T, is not a good predictor of beetle activity, y, in the arena (y ϭ Ϫ0.888T ϩ 48.75, R 2 ϭ 0.024).
Discussion
Using time to exit arena as a measure of general locomotor activity, beetles from Urbana (RR) were consistently more active than beetles from Monmouth (WT) in every trial in 2004. Population was a significant source of variation in both laboratory and Þeld assays. Given the observed differences in behavior between phenotypes, there is the potential for this method to be modiÞed so that D. v. virgifera may be collected and tested in the Þeld to help classify individual phenotypes or the proportion of phenotypes in an area. These results suggest that there is a behavioral, and by extension, possibly a genetic difference between rotation-resistant and wild-type beetles.
In laboratory assays in 2004, unmated fed beetles showed the only signiÞcant difference in behavior between the two populations. These would be the easiest conditions to use in breeding studies to understand the genetics of rotation resistance in D. v. virgifera. This assay does not yet provide a clear threshold to differentiate between rotation-resistant and wildtype phenotypes. It is not surprising that some individuals of the Monmouth population would express a behavior similar to the rotation-resistant phenotype because there will always be some intraindividual variation (Bekoff 1977) or because this location may be at a transition to having a rotation-resistant population (Schroeder 2005) . Field assays provided better separation than the laboratory assays.
The larger arena used in 2005 yielded a wider distribution of exit times than in 2004 (Figs. 2 and 4), but there is still not a clear distinction between behavioral phenotypes. However, in the Þeld study, the range of exit times between 20 and 25 s is the only area where much overlap is seen (Fig. 6) . The true discriminating value probably lies in this time range. Note that Ϸ45% of beetles from rotation-resistant populations completed the assay in Յ20 s and that Ͻ10% of beetles from wild-type populations Þnished within that time span.
Mean time to exit arena as a measure of beetle activity roughly correlates both to distance from presumed epicenter of rotation resistance (Levine and Oloumi-Sadeghi 1996) and to number of D. v. virgifera beetles per 100 sweeps in soybean. Ames, IA, is the farthest away from the origin of rotation resistance in Ford County, IL, it had the lowest number of beetles found in soybean, and females from this population were least active (Fig. 7) . Urbana is very close to Ford County, has the most beetles found in soybean, and females collected from corn at this location were the most active.
Behavioral differences were found only in Þeld trials in 2005. In 2004, larger differences were also observed in Þeld-versus laboratory-tested beetles. Perhaps rotation-resistant D. v. virgifera are responding differently to environmental cues such as corn volatiles, wind speed, or sunlight. There were volatiles in the laboratory from kernels and silk, but there were no pollen or leaves present. Wind may have inßuenced the difference between Þeld-and laboratory-tested beetles, as it affects D. v. virgifera ßight (VanWoerkom et al. 1983) . The fact that most of the signiÞcant differences in behavior were found in assays done in a cornÞeld may explain why other studies have not found differences between types in the laboratory. OÕNeal et al. (2002) found no differences between populations of D. v. virgifera in tendency to consume soybean foliage or in sensitivity to corn phenology (OÕNeal et al. 2004) . Mabry et al. (2004) found no differences between rotation-resistant and wild-type beetles in vertical tube assay conducted in the laboratory. Another reason that these authors did not Þnd a difference in behavior may be the method used. Knoppien et al. (2000) noted that different methods of quantifying locomotion in Drosophila have sometimes yielded different results (e.g., in comparing search area on a grid versus speed in walking up a glass tube).
An environmental stressor such as starvation may be what is inducing females to oviposit in soybean Þelds (Mabry et al. 2004 ). Mabry et al. (2004) found that soybean feeding made D. v. virgifera hyperactive in a behavioral bioassay. He also found that beetles from the Urbana population are less sensitive to changes in diet. Knoppien et al. (2000) found that, while starvation increases locomotion in general, the effects of starvation in females were greater for unmated than mated ßies. A similar effect is found in the Monmouth (WT) population of D. v. virgifera, where unmated starved females were signiÞcantly more active than mated starved females (Fig. 3) .
Because the origin of the insects used in the 2004 study was known and environmental effects were controlled, we can deduce genetic components. For example, insects from the Urbana population were collected as larvae from a cornÞeld that was planted to soybean the previous year. The mothers of those insects are assumed to be mostly rotation-resistant, because any oviposition by wild-type females in that soybean Þeld would be accidental and occur at a very low level. Likewise, because there was not a problem with rotation resistance in Monmouth in 2004, we know the vast majority of D. v. virgifera eggs were laid in corn and are wild-type. Knowing the maternal lineage of the insects studied and seeing a behavioral difference between offspring of the two phenotypes under the same environmental conditions makes it more likely that any difference that is observed is likely caused by genetics.
The physiological and genetic bases for this difference in behavior are not yet known. Juvenile hormone has been shown to affect trivial ßight patterns in this insect (Coats et al. 1987 ) and migratory ßight in other insects, although it is not known if migratory or trivial ßight behavior is related to rotation resistance. There could be a hormonal difference between phenotypes, but such a difference would be more easily examined by identifying a candidate gene. The foraging gene controls insect movement with respect to searching for food (Sokolowski 1980 , de Belle et al. 1989 ); perhaps it plays a role in rotation resistance through the way D. v. virgifera evaluates food sources. For example, D. v. virgifera females ßy into soybean Þelds even though there is virtually no nutritional beneÞt to eating soybean foliage. Physiological or molecular methods used to distinguish phenotypes will be difÞcult to establish until a discriminating behavioral difference is characterized. If the physiological or molecular basis of rotation resistance is determined, behavioral means of differentiation will still be necessary as a nondestructive method of studying this phenomenon.
The results presented here are congruent with the "lack of Þdelity to corn" hypothesis (Levine et al. 2002) for the general mechanism of rotation resistance. Rotation-resistant beetles are more active and are more prone to take ßight than wild-type beetles without external stimuli. This assay provides a quick method (Յ60 s) to characterize behavioral differences between rotation-resistant and wild-type western corn rootworms. This method will help determine the genetic basis of rotation resistance.
